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MOTIVATION
A major effort is currently underway to test the flavor sector of the Standard Model (SM) in general and the origin of CP violation in particular. Measurements of the time-dependent CP-asymmetries in B 0 → J/ψK 0 s decays have led to the first observation of CP violation [1] in the B 0 -B 0 system and to a measurement of the phase β of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V td -the current world average is sin 2β = 0.79 ± 0.10. The magnitude of V td is constrained by studies of B 0 and B 0 s mixing and is expected to be determined with an uncertainty of ∼ 5% in the near future.
The determination of the magnitude and phase (γ) of the CKM element V ub is expected to be much more difficult, due in part to the small rate for b → u transitions (∼ 0.5−1% compared to the rate for b → c transitions). In parallel with the measurement of sin 2β with B 0 → J/ψK 0 s decays, one can in principle determine sin 2α from the time-dependent asymmetry in B 0 → π + π − decays (where α = π − (β + γ)). However, the study of charmless two-body B decays has shown that gluonic penguin b → d processes contribute significantly to the overall B 0 → π + π − decay rate and have a different weak phase than the dominant b → u tree process, thereby preventing a straightforward interpretation of the measured asymmetry. Improved understanding of gluonic penguins is thus of very high importance and constitutes an important challenge for current experiments.
Another motivation to study rare hadronic and radiative penguin decays is that many of these decays proceed via effective flavor-changing neutral current (FCNC) transitions. Such FCNC processes are forbidden at tree level and involve heavy particles in loops (e.g. W boson or top quark). This implies that the rates are low but also that such processes are sensitive to the presence of heavy non-SM particles in the loops.
Besides the measurement of decay rates, one can also study CP violation in the decay (a.k.a. direct CP violation). In this case, the relevant observable is
If both penguin and tree decay amplitudes contribute to the decay, the asymmetry can be expressed as
where |P | and |T | represent the magnitudes of the penguin and tree decay amplitudes, whereas ∆φ and ∆δ correspond to the difference between the weak and strong phases for the penguin and tree amplitudes, respectively. From this expression it can be seen that A CP is expected to be very small in the SM (less than 1%) for penguindominated decays like B → φK ( * ) , K 0 π, K * γ, and thus the observation of large CP asymmetries in these modes would clearly signal the presence of new physics in the penguin loops.
EXPERIMENTAL DETAILS
In the following, we report the results of analyses based on a sample of 23 million BB events collected by the BABAR Collaboration at the asymmetric-energy PEP-II e + e − collider. This sample corresponds to 20.7 fb −1 of e + e − annihilation data recorded at the Υ (4S) resonance. An additional (off-resonance) sample corresponding to 2.6 fb −1 recorded 40 MeV below the resonance is also used to study continuum backgrounds. Charged particles are tracked and measured with the combination of a five-layer double-sided silicon microstrip detector and a 40-layer drift chamber immersed in a 1.5 T solenoidal magnetic field. Surrounding the tracking systems, a Cherenkov ring imaging detector (DIRC) relying on total internal reflection of the Cherenkov light produced in 4.9 m-long quartz bars provides charged particle identification. A Thallium-doped CsI electromagnetic calorimeter is used for photon detection and electron identification. Finally, an instrumented flux return provides muon and K 0 L identification. Further detail about the BABAR detector is given elsewhere [2] .
Most of the analyses presented here attempt to fully reconstruct the B decay. To do so, we rely on the well-known beam energies and exploit kinematical constraints from energy and momentum conservation in the e + e − → Υ (4S) → BB process. Two mostly uncorrelated kinematical variables are used: the beam-energy substituted mass, m ES = E * 2 beam − p * 2 B , and the energy difference in the e + e − center-of-mass system (CMS), ∆E = E * B − E * beam , where E * beam and E * B are the energies of the beam and the B meson candidate, and p * B is the B meson candidate momentum vector, all quantities being defined in the CMS. In some analyses, a kinematical fit is performed on the momenta of the B decay products by imposing E * B = E * beam and the corresponding energyconstrained mass m EC is used. The m ES resolution is dominated by the beam energy spread and has a typical value of 2.5 MeV. The ∆E resolution is different for each particular final state and ranges between 20 and 70 MeV (the resolution is noticeably worse for modes containing photons or π 0 s).
With the exception of the B → K ( * ) ℓ + ℓ − analysis, the background from BB events is small or negligible for all other analyses. The dominant background from e + e − →continuum events (q = u, d, s, c) is suppressed using event shape and energy flow variables. These variables exploit the fact that BB events are much more spherical than continuum events due to the small B momentum (∼ 340 MeV/c) in the CMS.
Analyses have been optimized and tested using signal and background Monte Carlo samples, as well as off-resonance data and side-band data. The signal region remained hidden during this optimization and validation process.
RADIATIVE PENGUIN DECAYS
As mentioned earlier, the measurement of B 0 and B 0 s oscillation frequencies will soon provide a determination of the ratio |V td /V ts | with an uncertainty of ∼ 5%. Radiative penguin decays are also sensitive to the same CKM elements and can provide a complementary determination via the ratio Γ(B → ργ)/Γ(B → K * γ). A first step toward such a measurement is the determination of the branching fraction for B → K * γ decays. The analysis proceeds with the selection of high-energy photons with 1.5 < E γ < 4.5 GeV and 2.30 < E * γ < 2.85 GeV in the laboratory and CMS frames, respectively. Photons consistent with originating from π 0 and η decays are removed. Photons are further required to be isolated to remove contamination from high-energy π 0 decays. K * candidates are reconstructed in Table 1 . Averaging the two K * 0 and K * + modes yields
. These values, although somewhat lower, agree with recent theoretical predictions, given the ∼ 40% uncertainty in the predictions.
We have also searched for the rare decay B 0 → γγ, which is predicted to have a branching fraction in the range of (0.1 − 2.3) × 10 −8 within the SM. However, this could be enhanced by new physics contributing to the loops. Given the current size of the event sample, any observation would be clear evidence for physics beyond the SM. The analysis proceeds in a way similar to the K * γ analysis. One event is found in the signal region, defined by the ±2σ ranges |m ES − m B 0 | < 0.0078 GeV and |∆E| < 0.144 GeV, in agreement with the expected background of 0.9 event. As a result, a limit is set to be B(B 0 → γγ) < 1.7×10 −6 at the 90% C.L. This represents a factor of 20 improvement over the best previous limit. 
We have searched for
Not only does this analysis need to suppress background from continuum events, it also needs to suppress background from BB events. Major sources of BB background are events in which both B mesons decay semileptonically or one decays to J/ψK ( * ) or ψ(2S)K ( * ) final states with J/ψ → ℓ + ℓ − or ψ(2S) → ℓ + ℓ − . It is particularly important to suppress B decays to charmonium since these have characteristics that are similar to the signal. The event yields are extracted with an unbinned likelihood fit in the ∆E-m ES plane. The overall efficiencies for the different modes range between 6% for K * + µ + µ − and 18% for K + e + e − . No significant signal is observed but the limits (see Table 1 ) are close to SM calculations.
RARE HADRONIC B DECAYS
Rare hadronic decays have been searched for in two-body, quasi two-body and three-body modes. In the case of two-body decays, the following topologies are examined:
, where h represents a charged pion or kaon. Signal yields are extracted using an extended likelihood function taking all relevant topologies into account. The likelihood incorporates information from event kinematics (∆E and m ES ), event shape and energy flow via a Fisher discriminant, as well as mode-specific information like the Cherenkov angle for charged hadrons, the invariant mass for K 0 S → π + π − candidates or the helicity angle. This analysis benefits from the excellent π/K separation provided by the DIRC. The significance of the separation is greater than 4 σ up to laboratory momenta of 3 GeV/c and is 2.5 σ at the highest momentum (∼ 4.3 GeV/c).
Signal yields and branching fractions are summarized in Table 2 . The large rate for Kπ final states as compared to ππ final states confirms the previous observation by the CLEO Collaboration. Since tree diagrams for B 0 → K + π − decays are Cabibbo-suppressed as compared to B 0 → π + π − decays, the larger rate for Kπ final states is a clear indication that gluonic penguin diagrams contribute significantly to the decay. A host of quasi two-body decays were also studied. These involve ω, η, η ′ or φ resonances and offer another window to study decays mediated by either or both tree and penguin decay amplitudes. Table 2 and Fig. 2 . Previous studies of B → η (′) K ( * ) decays reported a surprizingly large branching fraction. With a larger data sample, we confirm higher than expected rates for B → ηK * and B → η ′ K decays, see Table 2 and Fig. 2 . Since tree contributions are Cabibbo-suppressed one needs to invoke a large enhancement in the penguin contributions, possibly originating from interference between different penguin amplitudes (g * → uū and g * → ss). 
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34.8 ± 7.6 15.5 ± 3.4 ± 1. To further explore the large decay rate into η ′ , we have performed a semi-inclusive reconstruction of the decay B → η ′ X s , where X s represents a hadronic system with non-zero strangeness. The η ′ candidates are reconstructed in the ηπ + π − channel (with η → γγ) and are required to have momentum p * > 2 GeV/c in the CMS to remove most of the b → c → η ′ background. The hadronic system is reconstructed in 16 different modes including one kaon and at most 3 pions (and no more than 1 π 0 ). To discriminate between all combinations in a given event, the combination with the lowest value of χ 2 = (
2 is selected. The rate for B → η ′ X s events with p * η ′ > 2 GeV/c is found to be (6.8
, where the first error is statistical, the second is systematic, and the third corresponds to the uncertainty in the contribution from B → η ′ D ( * )0 decays. This measurement confirms the large rate previously measured by CLEO. Such a large rate is generally believed to be due to the anomalous coupling of the η ′ to two gluons.
We have also investigated B decays to threebody final states. Particularly promising is the decay B 0 → π + π − π 0 , which could provide a clean measurement of the CP-violating phase α via a Dalitz amplitude analysis. Due to the small expected signal yield, the current version of the analysis aims to determine the B decay rates to ρ Finally, we also measured the branching fraction for B + decays into K * 0 π + . Part of the interest in this process stems from the expectation that tree and penguin amplitudes have comparable magnitudes, which makes this decay an ideal candidate for the observation of direct CP violation, see Eq. 2. The measured yields and branching fractions for this and all other rare hadronic decays are summarized in Table 2 .
DIRECT CP VIOLATION
We searched for CP violation in the decay of the flavor self-tagged modes listed in Table 3 . The table shows the measured CP-asymmetries as defined in Eq. 1. For the B 0 → K + π − decay mode, an on-resonance sample with an integrated luminosity of 30.4 fb −1 is used [15] . In the case of the B 0 → ρ ± π ∓ mode, no tagging of the B 0 flavor is attempted and the asymmetry quoted in Table 3 corresponds to the asymmetry between the number of ρ + π − and ρ − π + events. No evi- dence for direct CP violation has been found but the precision is now better than 10% in some of the more abundant modes and, thus, these data become more useful in constraining models.
SUMMARY AND OUTLOOK
The large data sample accumulated at the SLAC PEP-II B Factory is already providing a substantial amount of interesting results. We are now sensitive to rare B decays with branching fractions as low as 4 × 10 −6 . A search for direct CP violation in radiative penguin and rare hadronic decays finds no evidence for CP violation in the decay process. It should be noted that some of the results presented here are preliminary.
PEP-II is expected to deliver an integrated luminosity of approximately 100 fb −1 by the summer of 2002, which will provide a five-fold increase in statistics compared to the results reported here. This will allow many more rare processes to be studied.
